Global positioning system (GPS) technology was made possible after the invention of the atomic clock. The first suggestion that GPS could be used to assess the physical activity of humans followed some 40 y later. There was a rapid uptake of GPS technology, with the literature concentrating on validation studies and the measurement of steady-state movement. The first attempts were made to validate GPS for field sport applications in 2006. While GPS has been validated for applications for team sports, some doubts continue to exist on the appropriateness of GPS for measuring short high-velocity movements. Thus, GPS has been applied extensively in Australian football, cricket, hockey, rugby union and league, and soccer. There is extensive information on the activity profile of athletes from field sports in the literature stemming from GPS, and this includes total distance covered by players and distance in velocity bands. Global positioning systems have also been applied to detect fatigue in matches, identify periods of most intense play, different activity profiles by position, competition level, and sport. More recent research has integrated GPS data with the physical capacity or fitness test score of athletes, game-specific tasks, or tactical or strategic information. The future of GPS analysis will involve further miniaturization of devices, longer battery life, and integration of other inertial sensor data to more effectively quantify the effort of athletes.
A Brief History
The global positioning system (GPS) that is now regularly applied in the sporting sphere is only possible through the work of the 1944 Nobel laureate in physics Isidor Rabi. Rabi and his students invented the magnetic resonance method through their precise measures on the hydrogen atom. 1 The development of the nuclear magnetic resonance method lead directly to the creation of atomic clocks, the precise timepieces that form the basis of satellite navigation. 2 The precise measurement of time from the atomic clock allows for the calculation of the length of time it takes a radio signal to travel from the satellite to the GPS receiver on earth. Thus, the distance from the satellite to the receiver can be derived, and, if at least four satellites are in communication with that receiver, accurate location of the receiver can be triangulated. 3 Once the position is known, the displacement over a given epoch can be used to calculate velocity of movement, and this is of interest to scientists, coaches, and athletes engaged with team sports.
The early literature on GPS moved quickly from validation of the precision of GPS for measuring steady-state movement at a range of velocities 4 to widespread adoption of the method to measure locomotion in the field in humans [5] [6] [7] [8] and animals. 9 The following section will outline the various methods applied to quantify the reliability and validity of GPS to measure human locomotion with an emphasis on field sports.
The Validity of GPS for the Measurement of Human Locomotion
The first attempt to validate a commercially available GPS device (GPS 45, Garmin) for the measurement of human locomotion able to be located by this author was published in 1997. 4 One participant undertook an unclear number of trials (total of n = 76) at each of 19 different walking and 22 different running velocities, with GPS data compared with a Swiss chronometer. 4 The participant was paced with a metronome and the correlation between GPS and chronometer speed of displacement was high (r = .99) with a 5% coefficient of variation for the slope line. While promising, this early research was hardly a gold-standard confirmation of the validity of GPS for velocity measurement. Early study and application of GPS was hindered by the deliberate degradation by the United States Department of Defense of the accuracy of satellite transmission, 10 although this signal degradation was turned off in May 2000. It was possible to correct for this scrambled signal by computing the double difference phase, using two receivers placed close together, thus reducing three-dimensional error from the scrambled signal from 100 m to below 1 cm. 10 This was the approach taken to compare high-precision GPS positional information to accelerometer data on trunk position as a de facto measure of gait parameters at velocities between 2.8 and 6.3 km⋅h -1 . 10 The high-precision GPS had a high intraindividual variability for step-to-step variability, but was comparable to other measures of intra-gate velocity variation. The ability of differential GPS to measure to this accuracy would seem to point to great utility for application to team sport; however, in this study, the GPS receiver weighed approximately 4 kg, and thus could not be used in any athletic competition.
The necessity for differential GPS further reduced with the adoption of the Wide-Angle Augmentation System and European Geostationary Navigation Overlay Service . 11 This improved technology enhanced position and velocity measurement during straight-line cycling tasks. 11 The cycle tasks were conducted at a range of velocities from 10 to 35 km⋅h -1 , with GPS velocity within 0.2 m⋅s -1 for 57% of values, and 0.4 m⋅s -1 for 82% of values with only 0.11 m deviation from the actual path ridden.
Each of the studies outlined above provides a good starting point for the application of GPS technology to team sports. However, an understanding of the efficacy of GPS when velocity was changing rapidly and the path taken by an athlete involved multiple changes of direction rather than straight-line movement was still missing. Further, any GPS device had to be able to withstand heat, moisture, and potential impact to be applied in the team sport environment. The first commercially available GPS devices designed specifically for sporting application became available in 2003. 12 This device (GPSports Systems, SPI-10) was validated against a computer-based tracking (CBT) system (SportsTec Pty. Ltd, Trakperformance) in the first study to specifically investigate GPS application in team sports. 12 The validity of GPS for distance measurement in a series of predetermined circuits was established via comparison with a calibrated trundle wheel. There was a systematic overestimation of distance by GPS of approximately 5%, despite high correlations (r = .998), and CBT by approximately 6% to trundle wheel distance.
Further validation of GPS for team sport did not occur until 2009-2010, with a series of studies employing slightly different methodology and GPS technology being published (Table 1 ). Direct comparison across these studies is difficult if the aim is a blanket statement on the validity of GPS in team sport, due to the variety of exercise tasks, GPS devices, sample rates and statistical methods applied ( Table  1 ). The following section will attempt to summarize the literature in this area.
The first difficulty encountered when investigating GPS validity is the goldstandard criterion measure that GPS has been compared with. The most popular method is to measure a course with a trundle wheel or tape measure, and then set up timing gates at the start and finish. Researchers then estimate the starting point in the GPS data, add the measured length of time to complete the course, and attain distance over that time period from the GPS software. [13] [14] [15] [16] [17] [18] [19] There are of course a range of activities that can introduce error using this approach. For example, there is error in the ability of a trundle wheel to accurately measure distance; accurately determining the starting point for movement in the GPS software is extremely difficult; and finally there is some inherent error in the ability of timing gates to accurately measure time over the course. The potential errors mentioned above were overcome in one study using VICON as the criterion measure, as the positional identification error in the VICON system was extremely low (0.0008%). 20 One other study used a theodolite to more accurately measure distance, but still used timing gates, with the inherent limitations outlined above. 21 Thus, the validation of GPS to date has methodological limitations that must be taken into account when assessing results.
It seems on balance that the higher the sample rate, the more valid GPS becomes for measuring distance. If we compare similar high-velocity sprinting tasks across several studies, the error in distance reported for 1 Hz GPS is higher than for 5 Hz, 17, 18, 20 and 10 Hz is lower again. 13 For example, the standard error of the estimate (SEE) for actual distance was as great as 32.4% for 1 Hz GPS in a standing-start 10 m sprint, with 5 Hz GPS marginally better at 30.9%. 18 In another study, 1 Hz GPS underestimated distance in a high-velocity tennis specific drill by approximately 31%, whereas 5 Hz GPS only underestimated by approximately 6%. In the only published information on 10 Hz GPS to date, the SEM in a 15 m sprint was 10.9%. 13 In conclusion, the higher the sampling rate, the more valid the measure of distance obtained from GPS.
Not surprisingly, the velocity of a task directly influences the validity of distance measured by GPS. Perhaps the best illustrations of this occur in studies where the same devices are tested at a range of velocities. For example, the SEE of GPS derived distance ranged from 0.4 ± 0.1 to 3.8 ± 1.4 across walking to striding tasks in one study, 15 and 9.8 ± 2.0 to 11.9 ± 2.5 for 40 m walking through sprinting with 5 Hz GPS in another. 18 Given the low typical length 10-20 m) of high-velocity movements in team sports, 22 the validity of these devices to measure these events seems low. The longer the duration of a measured task, the more valid GPS measured distance becomes. For example, the standard error is reduced by 2/3 when comparing sprinting 40 m and sprinting 10 m. 18 This is reduced even more dramatically to just 3.8% for 5 Hz GPS over a 140 m modified team-sport running circuit that included a range of tasks of differing velocities and change of direction. Similarly, in a 197 m simulated high-intensity soccer activity, the SEE was just 1.5%. 19 Indeed, over a longer distance, even 1 Hz GPS was capable of valid assessment of locomotive distance. 14, 15, [17] [18] [19] Thus, in the application of current GPS technology, more confidence is possible in measures of a longer duration, even if they contain periods of high-velocity activity. Further, researchers and practitioners should aim to use GPS with a higher sampling rate to enhance the validity of findings. It is unlikely that studies conducted in team sport matches with 1 Hz GPs can detect anything other than total distance moved by players.
The Reliability of GPS for the Measurement of Human Locomotion
The reliability of GPS to determine human locomotion is influenced by similar factors as outlined in detail above for validity. That is, sample rate, velocity, duration of the task, and the type of task each influence the reliability of GPS. The effect of an increased GPS sample rate on reliability is at this stage ambiguous. For example, in one study the CV of a 10 m sprint was 77% with 1 Hz GPS, and 39.5% with 5 Hz. 18 However, in linear soccer tasks, the CV was 4.4-4.5% for 1 Hz and 4.6-5.3% for 5 Hz in another study. 19 For longer duration tasks, the CV was reported as 1.4-2.6% for 5 Hz measurement of walking 8800 m, yet only 0.3-0.7% for 1 Hz GPS. 15 However, the CV of 15 and 30 m sprinting with 10 Hz GPS was 0.7-1.3%. It is possible that different models and manufacturers can partially explain these differences in reliability, but it is not yet clear if a higher sampling rate enhances the reliability of GPS.
One thing that is clear is that the higher the velocity of movement, the lower the reliability of GPS. For example, the CV increased from 30.8% to 77.2% for a 10 m sprint when compared with walking over the same distance measured with 1 Hz GPS. With 5 Hz GPS, the CV increased 23.3% to 39.5% for the same task at the same velocities. 18 Similarly, walking 8800 m had a CV of 1.4-2.6% for 5 Hz GPS, but sprinting 20 m had a CV of 19.7-30.0%. 15 In tasks that require changes of direction, the reliability decreases. This is true in soccer-specific tasks, 19 planned change-of-direction tasks of different frequencies, 18, 23 and in repetitive tasks completed in small court areas. 20 Interestingly, the variability between two GPS units on the same player for total distance and high-intensity running distance in a hockey match were similar at approximately 10%. 23 The reliability of these GPS units is thus similar to the between-subject standard deviation of elite Australian football (AF) players for high-velocity running, 24 and smaller than that reported for high-velocity running in elite soccer players. 25 In conclusion, GPS devices have task-and time-dependent reliability that must be considered when reporting differences between or within individual team sport athletes.
The Application of GPS Technology to Match Analysis
Modern GPS devices are small and light; for example, the MinimaxX Team Sport v4.0 is just 88 × 50 × 19 mm and weighs 67 g. Added to their small physical size, these devices typically can store up to 4 h of data, making them suitable to many field sports. A traditional starting point for the application of a time-motion analysis (TMA) system is in descriptive research on the activity profiles of athletes. It is important to note the use of the term activity profile here, as match or movement, demands is more commonly used in the literature. However, TMA systems such as GPS do not measure the demands of competition, but rather the output of players. We cannot be certain the players have actually met the demands of competition, and indeed, if players fatigue in games, and this is likely, [26] [27] [28] [29] then the true demands of competition have not been met. Thus, activity profile is a more technically correct term to describe the measures regularly reported.
The widespread application of GPS to field sports in Australian football, 24,26,28-33 cricket, [34] [35] [36] [37] hockey, 38,39 rugby, [40] [41] [42] and soccer 27,43-45 allows for intriguing comparisons between sports. However, care must be taken when making such comparisons. It is not necessarily that useful to report the total distance that athletes travel in field sports without reference to the time spent engaged in actual match play. For example, total distance traveled measured by GPS from a cricket fast bowler in 1 d international cricket (13,400 m) 36 and an elite AF player (12,939 m) 28 point to cricket being the more demanding sport. However, when that distance is expressed per minute of match time, the cricketer covered approximately 63 m⋅min -1 of the match, and the AF player nearly double that distance (109 m⋅min -1 ). 28 The expression of distance per minute of match time is even more important in sports where unlimited interchange are allowed, such as AF 26 and hockey. 38, 39 Indeed, analysis of periods within AF matches expressing data in meters per minute fails to locate evidence of "fatigue" in matches from lower total distance covered per period. 26 A comparison of approximate meters per minute derived from GPS data from players in various field sports is presented in Figure 1 .
The logical extension of distance measures is to break movement into velocity bands (see, for example, 24, [26] [27] [28] 36, 42 ) or even attempt to locate periods of intense activity during matches, such as repeated sprint sequences. 45 While this type of analysis is common, care must be taken in the application of GPS with its perceived inherent limitations for high-velocity movement. 18, 23 It is also possible to measure accelerations undertaken by players using GPS, although this remains controversial to some scientists and practitioners given the literature on the validity of GPS for short intense efforts. 18, 20, 23 However, due to the aforementioned limitations of previous work using timing gates as a gold standard, we have recently piloted validating the ability of GPS to detect instantaneous changes in velocity when accelerating against a laser. The percentage bias of GPS from the criterion measure of the laser was between -5 and -10%, and typical error expressed as a coefficient of variation of between 7 and 14% (Varley, Fairweather, and Aughey, unpublished data). Thus, this measure is as valid as some others regularly reported in match studies. Given the extremely high energetic demand of accelerating, 46 it is not surprising that this quality is reduced during a match, indicative of fatigue. 26 Further, the number of maximal accelerations nearly doubles between AF finals and regular season matches, 24 an elegant quantification of the perceived higher intensity of finals matches in field sports. Finally, the high number of maximal accelerations compared with sprints in AF matches (Figure 2 ), and the 6-fold higher accelerations than sprints in elite soccer 47 bring into question the importance of repeated-sprint ability in field athletes. The ongoing application of GPS technology for widespread data collection in team sports may allow for a challenge to the dogma that repeatedsprint ability is crucial for team sport athletes in the near future.
Elite AF has possibly the highest uptake rate of GPS use of any sport. Indeed, each elite AF team playing in the Australian Football League (AFL) collects GPS data on some or all players in every competitive match, and the AFL even collects that data for collation in an annual report. 31 The rapid uptake of this technology has led research to move from general descriptive work on player movement in matches 31 to the analysis of fatigue, 24, 26, 28 comparison of real-time to postgame analysis of data, 33 and comparisons among playing levels 32 in a short period of time. Elite AF players cover between 113 31 and 152 24 m⋅min -1 during matches. With match times of up to 111 min, 31 that equates to nearly 17 km traveled in games. Further, AF players cover up to 30% of this distance as high-intensity or highvelocity running, depending on the definition of this quality used. 24, 26, 28 Due to the similar GPS technology used in AF, comparisons are able to be made across teams and studies, and inferences made. For example, in one study a team that finished in the bottom 25% of the competition averaged 109 m⋅min -1 , 28 whereas a team that finished in the top 25% of the competition players averaged approximately 10% greater distances. 26 There were some differences in GPS technology used in these studies, with 1 Hz GPS used in the former, and 5 Hz in the latter. It is unlikely that this was the sole reason for the different running reported.
The low cost of GPS technology and portability of the system allow for data to be collected easily in any venue used for competition. This is a major advantage compared with sports where the norm is for stadiums rather than players to be instrumented. Further, the size and oval shape of fields in some sports, and the number of players on the field at once (up to 36 players in AF) makes the use semi-or fully automated camera systems difficult. This in turn means that cheap portable technology such as GPS can be employed in elite and subelite competition with relative ease. In one such comparison of players between the national and a regional AF competition, elite players completed approximately 9% greater running, with 21% more high-intensity efforts. 32 In conclusion, the application of GPS technology has revolutionized the body of knowledge around player movements in elite AF. This technology is valid and reliable enough to detect altered running across a match, between matches, between levels of competition, and between types of matches.
There had been relatively little investigation into the activity profile of cricketers until the advent of valid reliable GPS devices. The majority of the work in this area has been completed by the group from the Australian Institute of Sport and Centre for Excellence in cricket. A summary of movement category distances by game format and playing position from 36 is presented in Table 2 . Interestingly, this group reports in meters per hour rather than meters per minute, so some calculation is required to compare between sports.
It is clear from this recent work that cricketers spend a substantial amount of time, and percentage of total distance, walking. Compared with other field sports, there is relatively little moderate to high intensity running, 26, 28, 29, 39 but a high sprint component. As could be expected, the shorter forms of the game have the highest intensities, 36 and fast bowlers the most intense activity profiles of all positions. 34, 36, 37 Hockey is similar to AF in now allowing unlimited interchange during competition. Thus knowledge of the activity profiles of players during games can be used in real time to inform decisions on which players have reduced running, potentially related to fatigue, and thus may need a period of rest off the field of play. To date, there is no published data available on elite men's field hockey activity profiles derived from GPS, although the author is aware of at least two studies currently under review on this area.
There are only two studies available on women's hockey match activity profiles using GPS, one on national-level players in Australia, 39 and one in international players from the United Kingdom. 38 The gap in distance covered per minute of the match between elite and subelite competition is vast compared with other sports. 32 There is in fact a 34% difference between these levels. 38, 39 Part of this divergence in distance covered might be explained by players being from different countries, strategic and tactical differences in game style, or possibly the time of the year analysis was performed. Importantly, the use of GPS across these levels allows discussion of this difference to occur. Global positioning system technology has also been applied to rugby union 40, 41, 48 and league. 42 The literature has included description of activity profiles, but also a comparison of matches to training, 40 an investigation of the effects of a supplement on match running recorded by GPS, 41 and a description of match running and muscle damage and endocrine responses. 42 It is studies like the lastmentioned 42 that provide an insight into the potential expansion of GPS technology in field sports by using GPS as a tool to measure activity in games or training to explain physiological responses, or to assist in determining mechanisms of fatigue in matches.
The Application of GPS Technology to Training Analysis
With the detailed understanding of various field sports made possible largely through the adoption of GPS, we are in a much better position to also measure the activity profile of players in training. A greater understanding of matches and training also allows the tailoring of training to adapt players to the activity profiles required in matches.
In elite AF players from one club, training largely failed to meet the demands of matches. 49 Indeed the high-velocity and high-intensity activities were between 18 and 60% lower in training than matches. 49 Similar results were observed in the comparison of adolescent rugby league training and matches, with greater jogging, striding, and sprinting and total distance in matches versus training. 40 This discrepancy in training stimulus was further highlighted in elite women's hockey players who spent more time in low-intensity, but less time in moderate-and high-intensity activities in training versus matches. 39 Only in cricket did training match or exceed the activity profile of matches. 35 However, this was true only for conditioning drills, and not simulation or skill-based drills. 35 It is also possible that training exceeded match activity in cricket due to the low time spent training compared with playing and the relatively low intensity of matches. The type of drill undertaken is important, as there are clear differences in open and closed drill activity profiles, with open drills more physically demanding than closed drills. 50 
Future Developments in GPS Application to Field Sports?
The future applications of GPS are likely to focus in three key areas: a greater integration of movement data with fitness, physiological, tactical, or strategic data; integration of GPS and inertial sensor data; and further miniaturization with a possible increase in sample rate. A recent AF investigation has provided an elegant mediation analysis of the relationship between Yo-Yo IR2 performance, high-intensity running distance per minute, and total ball disposals in elite AF players. 30 This study provides an excellent example as to how activity profile data from GPS can provide an in-match performance measure, and the determinants of that performance can be understood through fitness testing. Perhaps the most exciting analysis from that study is the connection between physical capacity, fitness, and actual match performance. These relationships have also been investigated in youth soccer players using GPS technology. 27, 51, 52 Further, GPS data from matches can be used as a pre-and posttest to assess the efficacy of supplementation or dietary intervention. 41 It is important that researchers are aware of the match-to-match variability in activity profiles 25 when studies using GPS data from matches as a pre-and posttest. A recent abstract based on Prozone data has provided excellent insight into the number of match files required in this type of research. 53 Other factors that might influence match-play activity profiles of athletes are also intriguing. For example, there are clear differences in the running performance of elite soccer players when the match score represents a team being equal, behind, or in front of the opposition. 54 It is of interest if this trend carries over to other football codes with higher scores, such as AF or rugby league or union. The effect of score may be more subtle in these sports.
Intrinsic factors are likely to also be influencing match running. It is extremely likely that field sport athletes pace their efforts and the high-frequency data provided by GPS may be able to quantify this effect. 26, [55] [56] [57] Global positioning system devices can of course only be used on outdoor fields. Future developments may include the development of localized "satellites" in stadiums, or the incorporation of inertial sensor data. The two main manufacturers of field sport GPS devices each include accelerometers and other sensors in their devices, although the use of this data is very much in its infancy in field sports. At least one manufacturer has commenced supplementing 10 Hz GPS sampling with accelerometer data to provide in effect a 15 Hz sample rate. This application could be extended even further to rely more on the inertial sensor data as a marker of load in field sports.
We have recently established the reliability of a modified vector magnitude (Player Load) calculated from accelerometer data, 58 and we 59 and others 60 have used this data to establish differences between training drills. A logical extension of this work is to use accelerometer data to measure load in matches. For practitioners wanting a standardized method to report to coaches and athletes, the Player Load relates strongly to total distance measured by GPS devices (Figure 3 ). Thus, with the use of a regression equation an estimate of total distance can be made with a degree of certainty.
With an increase in the accuracy of GPS, it may be possible in the future to detect changes in gait through trunk movement as attempted in early GPS research with cumbersome GPS receivers. 10 Of course, the chaotic nature of team sports may make this type of analysis difficult to interpret, but the quest to measure fatigue in competition could be aided by more-accurate GPS data. Further, more-accurate GPS data may assist in being able to quantify changes in direction of movement in field sports with confidence. This knowledge would be extremely valuable for strength and conditioning practitioners in designing specific training programs to enhance this quality in field athletes.
To further enhance the usability of GPS in field sports, greater miniaturization, an increase in battery life, and memory storage are required. The smaller the device, the more likely athletes and indeed governing bodies of sports are to allow use in important competitions. Given that the daily duration of some field sports exceeds 6 h, an increase in battery life is also required. Finally, the devices still need to become more robust, so that practitioners and athletes can be confident that data will not be incomplete or lost in those important competitions. Unlike laboratory-based research, field studies in important competitions cannot be repeated, and lost data can be disastrous.
Global positioning systems have rapidly advanced in the past 10 y. During this time, extensive validation and reliability testing have been completed, and the devices applied heavily across many team sports. Sport scientists now have a much deeper understanding of the activity profiles of a range of sports owing to the application of GPS technology. Further, GPS has enabled scientists to investigate relationships between physical capacity and match performance. The integration of this and other data will greatly expand the body of knowledge of activity in field sports in the next few years.
